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Two novel bipolar hosts based on 1,2,4-triazole derivatives for highly
efficient red phosphorescent OLEDs showing a small efficiency roll-off
Abstract
Achieving high efficiency and small efficiency roll-off simultaneously for red phosphorescent organic light-
emitting diodes (PhOLEDs) is still a challenge, which is largely related to the host material used in device
fabrication. In this wok, we designed and synthesized two novel bipolar host materials, termed 2Cz-TAZ-2Cz
and 3Cz-TAZ-3Cz in which 1,2,4-triazole was introduced at the C-2 and C-3 positions of 9-phenylcarbazole,
respectively. The materials' photophysical properties were studied in detail.. It was found that 2Cz-TAZ-2Cz
and 3Cz-TAZ-3Cz possess excellent thermal stability with thermal decomposition temperature (Td) of 457
and 432 °C, respectively, and that 2Cz-TAZ-2Cz has a better bipolar carrier transport compared to the typical
host 4, 4′-bis(9H-carbazole-9-yl)-biphenyl (CBP). Based on the excellent performance of these materials, red
phosphorescent OLEDs with 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz as hosts and
bis(1-phenylisoquinoline)(acetylacetonate)iridium (III) (Ir(piq)2acac) as emitter were fabricated. The
optimized 2Cz-TAZ-2Cz-based device achieved a high maximum current efficiency and external quantum
efficiency (EQE) of 12.4 cd/A and 16.60%, respectively. Moreover, this device also exhibits a small efficiency
roll-off, i.e., the EQE is lowered by only 12.0% and 29.4% at a brightness of 1000 cd/m2 and 10,000 cd/m2,
respectively, which is superior to CBP-based device, indicating a potential far-reaching application.
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Abstract: Achieving high efficiency and small efficiency roll-off simultaneously for red 
phosphorescent organic light-emitting diodes (PhOLEDs) is still a challenge, which is largely related 
to the host material used in device fabrication. In this wok, we designed and synthesized two novel 
bipolar host materials, termed 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz in which 1,2,4-triazole was 
introduced at the C-2 and C-3 positions of 9-phenylcarbazole, respectively. The materials’ 
photophysical were studied in detail. It was found that 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz possess 
excellent thermal stability with thermal decomposition temperature (Td) of 457 and 432°C, 
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respectively, and that 2Cz-TAZ-2Cz has a better bipolar carrier transport compared to the typical host 
4, 4’-bis(9H-carbazole-9-yl)-biphenyl (CBP). Based on the excellent performance of these materials, 
red phosphorescent OLEDs with 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz as hosts and bis(1-
phenylisoquinoline)(acetylacetonate)iridium (III) (Ir(piq)2acac) as emitter were fabricated. The 
optimized 2Cz-TAZ-2Cz-based device achieved a high maximum current efficiency and external 
quantum efficiency (EQE) of 12.4 cd/A and 16.60%, respectively. Moreover, this device also exhibits 
a small efficiency roll-off, i.e., the EQE is lowered by only 12.0% and 29.4% at a brightness of 1000 
cd/m2 and 10,000 cd/m2, respectively, which is superior to CBP-based device, indicating a potential 
far-reaching application. 
 
Keywords: organic light-emitting devices; bipolar host material; red light; low roll-off 
 
1. Introduction 
Phosphorescent organic light-emitting diodes (PhOLEDs) have attracted considerable attentions owing 
to the fact that they can harvest both singlet and triplet excitons to achieve 100% internal quantum 
efficiency [1-4]. To obtain an ideal white OLED for future solid-state lighting sources, excellent red 
PhOLEDs is a prerequisite [5-9]. Compared with green and yellow ones, red PhOLEDs generally 
display poor performances with low external quantum efficiency (EQE) and severe roll-off under high 
brightness [10, 11]. It is widely believed that the properties of host materials play an important role in 
the development of highly efficient and stable red PhOLEDs [12]. However, a few studies were 
realized with improvement the roll-off for red PhOLEDs [13-18]. To resolve above issue, one of the 
most effective strategies is to design and synthesize some novel bipolar hosts with torsional structure 
and suitable steric hindrance to decrease the density of triplet excitons [19-23].  
Most recently, Li developed a host material, 2,4-bisbiphenyl-6-(12-phenylindole[2,3-a] carbazole-
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11-yl)-1,3,5-triazine (BBPICT), with thermally activated delayed fluorescent (TADF) properties. They 
proceeded to fabricated red PhOLEDs using BBPICT as the host and Ir(mphmq)2(tmd) (mphmq = 2-
(3,5-dimethylphenyl)-4-methylquinoline, tmd = 2,2,6,6- tetrametylheptane-3,5-dionate) as the emitter. 
The PhOLED exhibited a maximum EQE of 20.9% and low efficiency roll-off of 1.7% at 1 000 cd/m2 
[24]. Wang reported a red PhOLED with 2,7-di(9,9-dimethyl-9H-fluoren-1-yl)-9H-thioxanthen-9-one 
(DMBFTX) as the host and Ir(piq)2(acac) as the emitter. This PhOLED displayed a 12.9% peak EQE 
with a roll-off of 19.4% at a luminance of 1000 cd/m2 and 38.8% at 10,000 cd/m2 [25]. However, high 
performance hosts in PhOLEDs are still relatively rare.   
Herein, we designed and synthesized two novel bipolar hosts (2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz) 
by using 1,2,4-triazole (TAZ) and pyridine as electron-withdrawing group and phenyl carbazole (Cz) 
as electron-donating with the donor-acceptor-donor (D-A-D) structures. In 2Cz-TAZ-2Cz, the 
acceptor is linked at the 2-position of carbazole, while in 3Cz-TAZ-3Cz the acceptor is connected 
with two donors at the 3-position of carbazole, as displayed in Fig. 1. The two compounds possess 
remarkable bipolar carrier-transporting properties and excellent thermal stability. Based on their 
excellent performance, red PhOLEDs using 2Cz-TAZ-2Cz or 3Cz-TAZ-3Cz as the host matrix and 
bis(1-phenylisoquinoline)(acetylacetonate)iridium (III) Ir(piq)2acac as the emitter were fabricated. 
The optimized device based on 2Cz-TAZ-2Cz achieved a high maximum current efficiency and EQE 
of 12.4 cd/A and 16.6%, respectively. Moreover, this red device also shows a very small efficiency 
roll-off, for example, under brightness of 1000 cd/m2 and 10,000 cd/m2 the EQE is reduced by only 
12.0% and 29.4%, respectively, which is obviously superior to the EQE roll-off of CBP-based devices.  
 
2. Experimental section 
2.1. Materials and measurements 
All synthesis reactions were carried out in a nitrogen atmosphere. 1H-NMR and 13C-NMR spectra of 
synthesized materials were recorded employing a Switzerland Bruker DR × 600. Thermogravimetric 
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analysis (TGA) curves were obtained using a Netzsch TG 209F3 thermal analyzer under dry nitrogen 
atmosphere with the temperature increasing from room temperature to 800°C, corresponding to 5% 
weight loss at the thermal decomposition temperature (Td). The glass transition temperatures (Tg) of 
the compounds were determined under a nitrogen atmosphere using a DSC Q2000 differential 
scanning calorimeter equipped with thermal analyzer at a scanning rate of 10°C/min. UV-vis 
absorption spectroscopy, both in solution and in film, were measured using a Lambda Bio 40 
instrument. The photoluminescence (PL) spectra in solution and film were recorded using a HORIBA 
FluoroMax-4 spectrophotometer. The low-temperature phosphorescence spectra at 77 K in toluene 
solution were measured on an Edinburgh F-980 spectrometer. The absolute quantum yields in films 
for xCz-TAZ-xCz were measured with an absolute method using an integrating sphere.   
Cyclic voltammetry (CV) was carried out using a CHI 660E electrochemical analyzer in CH2Cl2 
solution with acetonitrile solution of 0.1mol /L tetrabutylammonium hexafluorophosphate (TBAPF6) 
as the supporting electrolyte, platinum as the working electrode, the platinum as the counter electrode, 
calomel electrode as the reference, and ferrocenium-ferrocene (Fc+/Fc) as the internal standard. The 
scanning speed was 100 mV/s. The energy level of the highest occupied molecular orbitals (HOMOs) 
was determined by the formula  𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = −4.8 − 𝑒𝑒�𝐸𝐸𝑐𝑐𝑜𝑜𝑜𝑜 − 𝐸𝐸𝑓𝑓𝑜𝑜𝑜𝑜�𝑉𝑉 , in which  𝐸𝐸𝑐𝑐𝑜𝑜𝑜𝑜  was the first 
oxidation peak measured from the CV curves and 𝐸𝐸𝑓𝑓𝑜𝑜𝑜𝑜was the oxidation peak of ferrocene. According 
to the equation 𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 = 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐸𝐸𝑔𝑔, the energy level of the lowest unoccupied molecular orbitals 
(LUMOs) was calculated. The optical band gap (Eg) was calculated according to the formula 𝐸𝐸𝑔𝑔 R=
1240
𝜆𝜆   
, where λ is the wavelength at the intersection of the UV-Vis and PL spectra under the same solvent or 
film. 
 
2.2. Computational details 
Theoretical simulation was performed using the Gaussian 03 package. Geometry optimization was 




2.3. Device fabrication and measurements 
OLEDs with active area of 3 × 3 mm2 were fabricated by conventional vacuum deposition of all organic 
layers and cathode layer on patterned indium tin oxide (ITO) glass substrate. Before film deposition, 
ITO glass substrates were cleaned using a detergent, de-ionized water, acetone, and ethanol. The 
detailed device preparation process is consistent with our previous published work [28, 29]. The 
electroluminescence (EL) spectra and CIE coordinates were recorded by PR-655 spectrophotometer. 
And the OLEDs current density - voltage - luminance (J-V-L) characteristics were measured by a 
computer-controlled Keithley 2400 source meter integrated with a BM-70A luminance meter. The 
EQE was calculated from the J-V-L curves and spectra data. All devices were characterized 
immediately after thin film deposition without encapsulation, in ambient atmosphere at room 
temperature. 
 
3. Results and discussion 
3.1. Synthesis of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz  
Two 1,2,4-triazole-based host materials (2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz), in which the 1,2,4-
triazole is connected to different positions of 9-phenylcarbazole, were synthesized between Br-TAZ-
Br and the corresponding carbazole by Suzuki coupling reactions with high yields, and the synthesized 
processes are shown in Scheme S1 in the supporting information. Both compounds were characterized 
by 1H NMR and13C NMR. As shown in Fig. 1, two donors are linked with an acceptor through a 
phenylene spacer in 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz, which results in large dihedral angles of 48° 
between the 1, 2, 4-triazole and adjacent benzene ring. This structure feature will be beneficial to form 
the charge-transfer (CT) excited state. DFT simulations shows that the HOMO levels are situated 
mainly on 9-phenylcarbazole, adjacent phenyl and extended 1,2,4-triazole groups, while the LUMO 
levels are majorly located at the electron-withdrawing 1,2,4-triazole and pyridine units, as shown in 
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Fig. 2. The electron density of the HOMO and LUMO exhibits significant spatial separation and partial 
overlap. The HOMO and LUMO for 2Cz-TAZ-2Cz presents a much larger overlap than that of 3Cz-
TAZ-3Cz. This feature may result in a high photoluminescent quantum yield. Moreover, the separated 
electronic density benefits the transport of both holes and electrons [30, 31] and guarantees effective 
electronic communication between the donor and acceptor.  
 
3.2. Thermal and electrochemical properties 
Thermal stability was examined by TGA and DSC, as displayed in Fig. 3(a) and Table 1. The 
decomposition temperatures (Td, corresponding to 5% weight loss) are 457℃ for 2Cz-TAZ-2Cz and 
432℃ for 3Cz-TAZ-3Cz. A high glass transition temperature (Tg) of 109℃ for 3Cz-TAZ-3Cz was 
observed. Such high Td and Tg should be attributed to the bulky D-π-A-π-D structures and clearly 
improve the stability of the film morphology. 
As illustrated in Fig. 3(b), the two compounds displayed analogous onset oxidation peaks of 1.05 
and 0.99 V for 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz, respectively. The HOMO energy levels were 
calculated to be -5.56 and -5.40 eV, respectively. The electron-withdrawing TAZ groups were 
introduced at the C-2 position of 9-phenylcarbazole, which resulted in a deeper HOMO level. The 
LUMO energy levels of -2.37 and -2.12 eV can be determined from EHOMO and Eg. 
 
3.3. Optical properties 
UV-vis absorption and PL spectra in CH2Cl2 solution (1×10-5 mol/L) and thin solid-state films of 2Cz-
TAZ-2Cz and 3Cz-TAZ-3Cz are presented in Fig. 4; the data are also summarized in Table 1. The 
strong absorption peaks below 300 nm are attributed mainly to the π-π* and n-π* transitions of 1, 2, 
4-triazole and carbazole units. The weak absorption at 302 and 332 nm for 2Cz-TAZ-2Cz and 3Cz-
TAZ-3Cz could be assigned to the intramolecular charge transfer (ICT) transition from the electron-
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donating carbazole moiety to the electron-withdrawing groups. Both absorption peaks in the film are 
broader compared to those in solution, implying intermolecular interactions. In addition, the Eg values 
calculated from the intersection of PL and UV-vis in films are 3.19 and 3.28 eV, respectively. 
2Cz-TAZ-2Cz showed the emission peaks at 388 and 408 nm with a weak charge transfer 
emission shoulder at 432 nm. The emission wavelengths of 3Cz-TAZ-3Cz in CH2Cl2 are observed at 
380 and 396 nm with a vibrionic fine structure, which results from the localized electron (LE) excited 
state. The emission peaks for thin films are located at ~ 408 nm with two weak shoulders at 388 and 
442 nm for 2Cz-TAZ-2Cz and 406 nm with a weak shoulder at 432 nm for 3Cz-TAZ-3Cz. Hence, 
both 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz in thin films exhibit about 9-12 nm red-shifts with respect to 
the solution, which reflects relatively strong π-π stacking interactions or aggregation in the vacuum-
evaporated film [32-34]. From these results, the two host materials showed very similar photo-physical 
properties even though they have somewhat different molecular structures.  
The phosphorescence spectra in toluene solution at 77 K are considered to better estimate the 
triplet energy (T1) of the host, 2.66 and 2.65 eV for 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz, respectively 
(Supporting Information, Fig. S1). These values are sufficiently high to prevent triplet energy back-
transfer when serving as the host in red PhOLEDs with Ir(piq)2acac dopant (ET =2.25eV) [23].  
 
3.4. Excited-state nature 
To further investigate the excited-state nature of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz, absorption and 
emission spectra in different solvents were measured, as shown in Fig. S2 and Fig. S3. In the different 
solvents from the low-polarity hexane to high-polarity acetonitrile, the emission spectra exhibited 
strong emission at < 400 nm with a vibronic structure and a weak structureless emission peak above 
400 nm with a little red shift.  
To investigate the excited state nature of the two hosts furtherly, transient fluorescence decay of 
2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz were measured in different solutions, and displayed in Table S1 
and Fig. S3 (Supporting Information). The transient PL spectra of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz 
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in low-polarity toluene and moderate-polarity ether can be fitted to double exponential decay functions 
at their fluorescence emission peaks, revealing that the emission originates from the two excited states 
of LE and CT. A longer lifetime in high-polarity acetonitrile can be well fitted to a single exponential 
decay that would result from the CT emission, demonstrating that the proportion of the CT state 
increased with increasing polarity of the solvent. A larger proportion of the short lifetime for 2Cz-
TAZ-2Cz in low polarity n-hexane and moderate-polarity ether than that of 3Cz-TAZ-3Cz were 
observed, suggesting that the emission of 2Cz-TAZ-2Cz originated from the dominated LE excited 
state and weak CT state. A similar phenomenon also existed in the film (Fig. S4).  
The PL quantum yields (PLQYs) of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz in the neat films were 
89.1 % and 35.2 %. The higher PLQY of 2Cz-TAZ-2Cz was attributed to overlap between the HOMO 
and LUMO and the dominant LE excited state [7, 19]. 
3.5. Carrier transport properties 
To verify the bipolar charge transport properties of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz, hole- and 
electron-only devices (HOD and EOD, respectively) with the configurations ITO/MoO3 (3 nm) /TCTA 
(10nm)/host (40 nm)/TCTA (10 nm)/Al(100 nm) (HOD) and ITO/TPBi(10 nm)/host (40 nm)/TPBi 
(10 nm)/LiF (1 nm)/Al (100 nm) (EOD) were fabricated. In these devices, the 10 nm-thick tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) layer close to Al cathode and 10 nm-thick1,3,5-tris(1-phenyl-1H-
benzimidazol -2-yl)benzene (TPBi) layer adjacent to ITO anode  are used to prevent electron and 
hole injection from the cathode and anode, respectively. Replacing 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz 
with the classic host CBP, the reference HOD and EOD with the same device structure were also 
fabricated. Fig. 5 exhibits the voltage versus current density curves (V-J) of the two types of devices. 
Obviously, these devices all show hole and electron current density, and both hole and electron current 
densities increase with increasing driving voltage [35], indicating that like CBP, 2Cz-TAZ-2Cz and 
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3Cz-TAZ-3Cz also possess bipolar carrier-transfer abilities. And the hole current densities of the 
devices based on 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz are better than those of the CBP- based device 
even though they all have two carbazoles. However, the electron-only device with 3Cz-TAZ-3Cz 
exhibits a lower current density, which can be attributed to a larger energy barrier between TPBi and 
3Cz-TAZ-3Cz. The excellent bipolar carrier-transport ability of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz is 
clearly beneficial for high efficiency and low roll-off PhOLEDs. 
 
3.6. EL properties  
Based on the above outstanding optoelectronic properties and high thermal stability of 2Cz-TAZ-2Cz 
and 3Cz-TAZ-3Cz, we further explored their potential for high performance PhOLEDs. Here three 
red PhOLEDs were fabricated by utilizing Ir(piq)2acac (ET= 2.25 eV) as the emitter, with the PhOLED 
structures ITO/MoO3(3 nm)/TCTA (40 nm)/host: Ir(piq)2acac 5 wt% (20 nm)/TPBi (50 nm)/LiF (1 
nm)/Al (100 nm), where the host is CBP for device R0, 2Cz-TAZ-2Cz for R1, and 3Cz-TAZ-3Cz for 
R2. In these devices, MoO3 and LiF served as the hole and electron injection layers, respectively, 
TCTA was the electron- and exciton-blocking layer, and TPBi was used as the electron-transporting 
layer (ETL) and hole-blocking layer; Al served as the cathode. The energy levels and the molecular 
structures of each layer in the device are shown in Fig. S5. 
Fig. 6(a) displays the EL spectra of 2Cz-TAZ-2Cz- and 3Cz-TAZ-3Cz-based red devices R1 
and R2. It can be seen that R1 and R2 exhibit almost identical EL spectra with a peak at 626 and a 
shoulder at 664 nm, which is consistent with the intrinsic emission of Ir(piq)2acac. No other residual 
emission band was observed, indicating that in these devices the energy transfer from 2Cz-TAZ-2Cz 
and 3Cz-TAZ-3Cz hosts to the low triplet energy Ir(piq)2acac is complete [32]. Fig. 6(b) shows that 
the red devices R1 and R2 have a low turn-on voltage of 3.0 and 3.3 V, respectively. The slightly higher 
turn-on voltage of device R2 is due to a smaller energy barrier between 2Cz-TAZ-2Cz and TPBi than 
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between 3Cz-TAZ-3Cz and TPBi.  
In addition, the two red devices R1 and R2 also achieved high efficiencies, for example, the 
maximum current efficiency (ηc), power efficiency (ηp), and EQE reached 12.4 cd/A, 12.7 lm/W, and 
16.6 % for device R1 and 9.7 cd/A, 8.9 lm/W, and 11.4 % for device R2, respectively. The higher 
efficiency of the 2Cz-TAZ-2Cz-based R1 in comparison to the 3Cz-TAZ-3Cz-based R2 devices can 
be ascribed to a better charge balance in R1 resulting from better bipolar transport in 2Cz-TAZ-2Cz. 
It is worth noting that R1 and R2 also exhibit very small efficiency roll-off. For instance, the optimized 
R1 only shows a 12.0 % and 29.4% EQE drop at the application luminances of 1,000 cd/m2 and 10,000 
cd/m2, respectively, while the CBP-based red device shows a 15.4% and 54.1% drop at these 
luminances. The low efficiency roll-off values are some of the lowest in recent reported work, 
indicating that 2Cz-TAZ-2Cz- and 3Cz-TAZ-3Cz have a huge potential in developing high 
performance red PhOLEDs (see Table 2) [25, 36, 37]. 
To reveal the reasons for high EL performances R1 devices, the PL of 2Cz-TAZ-2Cz, 3Cz-TAZ-
3Cz and CBP, and the absorption spectra of Ir(piq)2acac in thin film were measured. As shown in Fig. 
S6, the overlap between the 2Cz-TAZ-2Cz PL and Ir(piq)2acac absorption spectra is larger than that 
of between the 3Cz-TAZ-3Cz or CBP PL and Ir(piq)2acac absorption spectra, so there is a more 
efficient Förster energy transfer from 2Cz-TAZ-2Cz to red Ir(piq)2acac [38]. To further prove this 
point, the PLQY of all 2Cz-TAZ-2Cz, 3Cz-TAZ-3Cz, and CBP devices doped with the same 5 wt% 
Ir(piq)2acac were measured. The results show that the Ir(piq)2acac-doped 2Cz-TAZ-2Cz film has a 
higher PLQY of 21.2 % than that of Ir(piq)2acac-doped 3Cz-TAZ-3Cz film with 13.8 % and that of 
Ir(piq)2acac-doped CBP film of 12.8 %. Moreover, the inherent advantage of 2Cz-TAZ-2Cz, 
including the excellent bipolar carrier-transport ability, the well-matched HOMO/LUMO with the HTL 
and ETL, and the unique steric hindrance of the D-π-A-π-D molecular structure also effectively 
contribute to its remarkably high EL performance. These results also further indicate that 2Cz-TAZ-





In summary, two host materials 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz with twisted molecular 
conformations have successfully been designed and synthesized by linking the electron-withdrawing 
TAZ at C-2 and C-3 positions of two carbazole units. Their HOMO and LUMO exhibit partial spatial 
separation and overlap, which endows them with good bipolar charge-transport abilities. The 
fabricated red devices using 2Cz-TAZ-2Cz or 3Cz-TAZ-3Cz host and Ir(piq)2(acac) guest emitter 
realize high device performance. For example, the optimized device based on 2Cz-TAZ-2Cz 
simultaneously achieved high efficiency and very small efficiency roll-off. The maximum current 
efficiency and EQE reach 12.4 cd/A and 16.6%, respectively, and EQE shows only a 12.0 % and 29.4% 
drop at practical application luminance of 1,000 cd/m2 and 10,000 cd/m2, respectively, which is better 
than that of devices based on CBP. These results indicate that 2Cz-TAZ-2Cz could be good host for 
high efficiency and low efficiency-roll-off red PhOLEDs due to its high PLQY, effective Förster energy 
transfer to Ir(piq)2acac and excited state nature. 
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Fig. 1. Molecular structures of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz. 
Fig. 2. The optimized molecule structures and HOMO and LUMO energies 
Fig. 3. (a) TGA and DSC curves, (b) cyclic voltammograms in CH2Cl2 solution of 2Cz-TAZ-2Cz and 
3Cz-TAZ-3Cz. 
Fig. 4. UV-Vis and PL spectra of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz at room temperature: (a) in 
CH2Cl2 solution, (b) thin film. 
Fig. 5. J-V characteristics based 2Cz-TAZ-2Cz, 3Cz-TAZ-3Cz: (a) HOD devices, (b) EOD 
devices. 
Fig. 6. EL spectra (a); J-V-L characteristics (b); ηc-L-ηp performances (c); and EQE vs luminance (d) 
curves for devices R0-R2. 
Table 1. Physical properties of compounds 2Cz-TAZ-2Cz, 3Cz-TAZ-3Cz. 





































































































































































2Cz-TAZ-2Cz 262, 269, 332 388, 408 3.19 -5.56/-2.37 2.66 457 - 89.1% 
3Cz-TAZ-3Cz 262, 269, 302 379, 397 3.28 -5.40/-2.12 2.65 432 109 35.2% 
 a Recorded in CH2Cl2 solution at room temperature; b Emission in CH2Cl2; c Band gap (Eg) was      
estimated from the intersection of UV-Vis and emission spectra; d Triplet level (T1) calculated based 
on low-temperature PL spectra at 77 K in toluene solution; e Neat films were made on quartz substrates 










  𝐿𝐿𝑒𝑒𝑎𝑎𝑜𝑜 Pb 
(cd/m2) 
  𝜂𝜂𝑐𝑐 Pc 
(cd/A) 





EQE roll-off (%) 
1 000cd/m2 
EQE roll-off (%) 
10 000cd/m2 
Ref. 
- 5% 4.3 22674 9.3 6.0 12.9 19.4 38.8 [25] 
- 10% 4.4 27031 13.8 8.2 15.6 16.0 48.7 [36] 
- 5% 3.8 7608 10.5 8.6 12.0 21.1 - [36] 
- 21% 2.6 34973 10.2 9.0 9.6 28.1 - [37] 
R1 5% 3.0 24340 12.4 12.7 16.6 12.0 29.4 present 
R2 5% 3.3 5705 9.7 8.9 11.4 14.1 - present 
R0 5% 3.3 20630 11.0 9.0 13.7 15.4 54.1 CBP 
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2-(1,3-bis(4-bromophenyl)-1H-1,2,4-triazol-5-yl)pyridine(2): Compound 1 (2.28g, 7.6mmol), 1-
bromo-4-iodobenzene(3.23g, 11.4mmol), 1,10-phenanthroline (0.75g, 3.8mmol), copper(I)iodide 
(0.36g, 1.9mmol), and cesium carbonate(4.96g, 15.2mmol) in DMF (40ml) were stirred under a 
nitrogen atmosphere. After refluxed for 24 h and then cooling to room temperature, the solution was 
extracted with CH2Cl2 (200 mL) and distilled water. The organic layer was dried over anhydrous 
MgSO4. The product was purified by column chromatography using petroleum ether/ CH2Cl2 (2:1) to 
get the compound as a white powder. Yield (85.6%): 1H NMR (600 MHz, Chloroform-d) δ 8.51 (dt, J 
= 4.7, 1.3 Hz, 1H), 8.13 – 8.09 (m, 2H), 8.03 (dd, J = 7.9, 1.3 Hz, 1H), 7.83 (td, J = 7.8, 1.8 Hz, 1H), 
7.63 – 7.54 (m, 4H), 7.37 – 7.31 (m, 3H).  
Synthesis of 3Cz-TAZ-3Cz: Compound 2 (2.28g, 5mmol), 9-Phenyl-9H-carbazol-3-ylboronic 
acid (3.59g, 12.5mmol), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (0.23g, 0.2 mmol), and 
sodium carbonate(3.18g, 30mmol) in toluene (40ml) were heated to reflux under a nitrogen atmosphere 
for 24 h. Then cooling to room temperature, the solution was extracted with CH2Cl2 (200 mL) and 
water. The organic layer was dried over anhydrous MgSO4. The product was purified by column 
chromatography using petroleum ether/ CH2Cl2 (40:1) to get the compound as a white powder. Yield 
(67%): 1H NMR (600 MHz, DMSO-d6) δ 8.69  (d, J = 1.8 Hz, 3H), 8.41 (d, J = 7.7 Hz, 3H), 7.86 
(dd, J = 8.5, 1.8 Hz, 3H), 7.75 – 7.71 (m, 6H), 7.71 – 7.67 (m, 6H), 7.58 (d, J = 7.3 Hz, 3H), 7.48 (dd, 
J = 14.4, 7.9 Hz, 6H), 7.42 (d, J = 8.1 Hz, 3H), 7.34 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, 
Chloroform-d) δ 144.35, 143.37, 143.15, 140.67, 136.06, 132.79, 130.54, 130.41, 130.02, 129.02, 
128.28, 126.89, 126.46, 123.27, 122.97, 121.54, 112.95, 112.82, 2.85. 
2Cz-TAZ-2Cz were synthesized by the similar procedures. 
2Cz-TAZ-2Cz Yield (66%) 1H NMR (600 MHz, DMSO-d6) δ 8.37 (d, J = 0.6 Hz, 2H), 8.35 (d, 
J = 0.7 Hz, 2H), 8.30 (dd, J = 1.3, 0.7 Hz, 2H), 8.29 (dd, J = 1.2, 0.7 Hz, 2H), 7.66 (d, J = 1.6 Hz, 2H), 
7.65 (d, J = 1.5 Hz, 2H), 7.61 – 7.55 (m, 10H), 7.47 – 7.45 (m, 4H), 7.40 (dt, J = 8.3, 0.9 Hz, 5H), 7.32 
(ddd, J = 8.0, 7.0, 1.0 Hz, 5H). 13C NMR (151 MHz, Chloroform-d) δ 144.48, 144.45, 143.62, 141.88, 
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Table S1 The lifetime (τ) and proportion of 2Cz-TAZ-2Cz and 3Cz-TAZ-3Cz in different solvents 
Compounds  
      
 Solution 
Toluene 






1.45(93.31 %) /5.10 
（6.69%） 
2.08 (97.23 %) / 19.00 
(2.77%) 
3.49 (100 %) 
3Cz-TAZ-3Cz 
1.15 (9.74%) / 3.24 
(90.26 %) 








































           
 














Fig. S7 The absorption spectra of Ir(piq)2(acac) and PL spectrum of 2Cz-TAZ-2Cz, 3Cz-TAZ-3Cz 
and CBP in thin film. 
 
